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log D: logarithm of the distribution coefficient which is the ratio of the sum of concentrations of all forms of the compound (ionised and unionised) in octanol and water at a given pH.
Introduction
Trace organic contaminants (TrOC) comprise a wide range of naturally occurring and synthetic compounds including pharmaceutically active compounds (PhACs), steroid hormones, pesticides and industrial chemicals. TrOC have been detected in raw sewage, secondary treated effluents, surface water bodies, and even in drinking water (Snyder, 2008) . Given the potential adverse effects of TrOC on aquatic organisms and human health, recent studies have been devoted to improving current processes or developing new technologies for the removal of these compounds from wastewater (Boonyaroj et However, the CAS process was not specifically designed to remove TrOC. Thus, the removal efficiency of TrOC by CAS can vary significantly . Due to the limitations of TrOC removal by the bacteria-dominated CAS process, several small-scale batch studies have been conducted to explore the application of white-rot fungal bioremediation (Yang et al., 2013b ). White-rot fungi possess one or more extracellular enzymes including lignin peroxidases However, a systematic assessment of the relative performance of fungus and activated sludge, and the implications of combining them in a continuous flow system is absent from the literature.
Fungal enzyme-catalysis can be enhanced by adding low molecular weight mediators that act as an ‗electron shuttle' between the oxidizing enzyme and target compounds (Kim & Nicell, 2006 ).
The degree of enhancement depends predominantly on the type of mediator and the TrOC structure. Apart from a few short-term studies on enzymatic membrane reactors (EMR) (e.g. Lloret et al. (2012) ), most of the studies on mediator-enhanced enzyme system have been carried out in batch mode. Even with the EMR configuration, gradual loss of enzymatic activity due to various physical, chemical and biological inhibitors under wastewater conditions is inevitable.
Thus, it is necessary to periodically replenish the reactor with fresh enzyme. By contrast, a whole-cell reactor may bring about the added advantage of continuous enzyme production. In this context, continuous dosing of a mediator to a whole-cell reactor may achieve enhanced removal of TrOC. However, no work in this line could be identified in the literature.
This study aims to evaluate the removal of TrOC by a reactor containing the white-rot fungus Trametes versicolor (ATCC 7731) and activated sludge. To prevent the washout of the fungus (Hai et al., 2012b ), a microfiltration membrane was coupled with the mixed culture bioreactor. A control activated sludge reactor was also operated to assess the implications of the combination explored. To further facilitate the comparison between fungus and activated sludge, the TrOC degradation capacity of the fungal enzyme (laccase) was assessed in a series of batch tests. The effect of continuous dosing of a mediator (1-hydroxy benzotriazole, HBT) to the fungusaugmented MBR on TrOC removal was also studied.
Materials and methods
Two identical MBR systems, one with activated sludge and the other inoculated with fungusaugmented sludge (details follow in Section 2.4), were operated under similar conditions to enable assessment of the effect of white-rot fungus (T. versicolor) augmentation with conventional activated sludge. Because of the practical difficulties in maintaining sterility (Libra et al., 2003) , operation of a control MBR with a pure culture of T. versicolor was not attempted.
However, in order to shed light on the probable differences between the performances of the mixed culture and the pure fungus culture, the results of the batch (fungal) enzymatic tests (Section 2.3) were taken into account.
2.1.Trace organic contaminants
A set of 30 TrOC was selected for investigation in this study based on their widespread occurrence in raw sewage and sewage-impacted water bodies and their diverse physicochemical properties (e.g. hydrophobicity and molecular weight) as presented in Supplementary Data Table   1 . These compounds represent six major groups of TrOC including eleven PhACs, five steroid hormones, six pesticides, three industrial chemicals, three UV filters and two phytoestrogens. A stock solution of all selected TrOC was prepared in pure methanol at a concentration of 25 mg/L (each TrOC) on a monthly basis and stored at -18 ºC prior to use with dilution.
2.2.White-rot fungi, growth medium, synthetic wastewater and mediator
The white-rot fungus T. versicolor ATCC 7731 (USA) was used in this study. The fungus was maintained on malt extract agar (Oxoid, England). A liquid culture was obtained by inoculating pieces of fungus grown on agar into malt extract broth (5 g/L) (MEB) (Merck, Germany). 
Protocol of batch enzymatic degradation tests
A series of batch enzymatic degradation tests was conducted in triplicate with a crude extracellular extract harvested from fungal culture (henceforth referred to as ‗enzyme solution') (Section 2.2). The stock TrOC solution was added to the enzyme solution (25 mL) to achieve an initial concentration of 100 µg/L of each compound. Additional containers were incubated to assess the effect of addition of the redox mediator HBT at a concentration of 1 mM. Control samples comprised TrOC in Milli-Q water. All the containers were covered with aluminium foil and incubated in a rotary shaker at 70 rpm and 28 °C for 24 h. The initial laccase activity of the enzyme solution was 35 µM substrate /min (See Section 2.5.2). Laccase activity was also measured at the end of the experiment to assess any drop in enzymatic activity. At the end of the incubation period, the whole test solution was harvested as GC-MS sample (Section 2.5.1). The samples were diluted to 500 mL with Milli-Q water and filtered through 0.45 µm glass fibre filters (Filtech, Australia). The pH of the sample was adjusted to 2.5 by using H 2 SO 4 (4 M) and the sample was subjected to solid-phase extraction (SPE) prior to GC-MS analysis.
MBR systems and operating protocol
As noted earlier, two identical MBR systems, one inoculated with fungus-augmented sludge (details follow) and the other with activated sludge, were operated under similar conditions. Each Sludge was withdrawn from the MBRs only during sampling. As noted earlier, the MBRs were fed continuously with respective synthetic wastewater (Section 2.2) spiked with the selected 30
TrOC each with a concentration of approximately 5 µg/L.
2.5.Analytical methods

Basic parameters and trace organic contaminants
Total organic carbon (TOC) and total nitrogen ( TrOC in the solution was diluted to 500 mL with Milli-Q water. Then, the samples were subjected to SPE and finally to GC-MS analysis as outlined above. The concentration was expressed as ng TrOC per g of MLSS (dry wt).
Laccase activity assay
Extracellular laccase activity assay comprised of monitoring the change in absorbance at 468 nm due to the oxidation of 10 mM 2,6-dimethoxy phenol (DMP) by laccase in 100 mM sodium citrate buffer solution (pH 4.5) at room temperature over 2 min using a spectrophotometer (UVVisible UV-1700, Shimadzu, Kyoto, Japan). Laccase activity was then calculated from the molar extinction coefficient ε = 49.6/mM/cm and expressed in µM substrate (DMP)/min. Mycelium bound laccase activity of the MBR biomass was determined as per the method described by [FIGURE 1]
Results and discussion
Batch enzymatic degradation tests
Effect of TrOC structure
Mediator-enhanced enzymatic degradation
Of the 18 TrOC that registered negligible degradation by only laccase (Figure 1 
Performance stability of MBR
The seed sludge for the lab-scale MBRs in the current study was sourced from MBRs treating 
in terms of MLVSS/MLSS ratio and TOC/TN removal). This confirms that the
TrOC removal performance of the MBR was evaluated at stable conditions. Notably, in good agreement with a previous study (Nguyen et al., 2012) , the basic operating and water quality parameters for the conventional MBR in the current study were also stable (data not shown).
[ In good agreement with a previous study (Yang et al., 2013a) , the viable fungal and bacterial count in the fungus-augmented MBR supernatant varied over the operating period (Table 1 (Table 1) confirmed the active presence of the white-rot fungi T. versicolor that was originally inoculated into the seed sludge source MBR. Data from this study also highlighted the better removal performance of a fungus-augmented MBR (white-rot fungus + bacteria) compared to a conventional MBR. As shown in Table 2 Table   2 ). This observation points to a synergistic effect achievable by combining a mixed culture of bacteria and white-rot fungus. Our observation is in line with another study where enhanced removal of three pesticides from their mixture was demonstrated by a mixed culture of bacteria and white-rot fungus as compared to bacteria or white-rot fungus -only cultures (Hai et al., 2012a ).
TrOC removal by fungus-augmented MBR
Batch enzymatic test vs. MBR operation
[ However, in this study, the improved removal by the fungus-augmented MBR (Figure 2) , as compared to in vitro enzymatic degradation (Figure 1) , was not merely due to adsorption on biomass but due to progressively fortified biodegradation. This is confirmed by the data regarding the concentration of the TrOCs on MBR biomass, coupled with the fact that no biomass was withdrawn from the system except for sampling. It is noted that, irrespective of the hydrophobicity, the TrOC for which the MBR achieved better aqueous phase removal than that 
Effect of continuous dosing of mediator to fungus-augmented MBR
Different levels of improvement (22% (ametryn) to 93% (atrazine)) in degradation were observed for 11 TrOC during batch tests due to the addition of the mediator in crude enzyme solution ( Figure 1 ). Of them, all TrOC except atrazine, ametryn and diclofenac were already well removed by the fungus-augmented MBR without mediator dosing (Figure 2 ), indicating the fact that fungal removal was enhanced due to bacterial presence (Section 3.3.1). The investigation with continuous dosing of mediator to fungus-augmented MBR was conducted to check whether any improvement in the remaining TrOC removal could be achieved.
No significant difference in removal by the MBR with/without mediator dosing was observed for other TrOC (data not shown); therefore discussion here will focus on the removal of the aforementioned three compounds, namely, atrazine, ametryn and diclofenac. Only the removal of diclofenac was significantly improved by mediator dosing to MBR ( Figure 5 ). The removal of atrazine and ametryn did not improve even after doubling the mediator dose to 10 M (data not shown). The improvement in enzymatic degradation of ametryn as achieved during batch tests due to the mediator addition was limited (~20% improvement with the final level of degradation not exceeding 30%). However, as high as 93% improvement in enzymatic degradation of atrazine was achieved due to mediator addition during batch tests (Figure 1) . Therefore, no increase in atrazine removal by the MBR after mediator addition necessitates further discussion.
[ FIGURE 5] No study systematically comparing the performance of mediator-enhanced laccase system in sterile/non-sterile and batch/continuous flow systems could be identified. However, some inferences regarding the cause of inefficient removal of atrazine by the MBR can be drawn from the available batch studies. Mediators such as HBT can cause inactivation of laccase by free radical attack on the catalytic site of the enzyme and consequently slow down the compound conversion rate, thus reducing the positive impact of mediator addition on enzymatic degradation (Kim & Nicell, 2006) . In this study, a higher atrazine removal was achieved due to HBT addition during batch tests (Figure 1 ) despite the fact that the laccase activity of the batch test solution within 24 h of HBT addition dropped by ca. 50% (as compared to no drop in the test solution 20 without HBT) (data not shown). However, this laccase activity lowering effect of HBT addition may have been more significant in case of the MBR where the supernatant laccase activity was mostly at a non-detectable level (although the laccase activity in biomass was always detectable, 
Effluent toxicity
TrOC transformation via white-rot fungi often leads to detoxification (Jelic et al., 2012) . On the other hand, increase in toxicity of white-rot fungi-treated media containinig TrOC has also been reported in the literature. For example, 1,2-hydroxy ibuprofen, the main metabolite during ibuprofen degradation by T. versicolor, was more toxic than ibuprofen (Marco-Urrea et al.,
2009). Increased toxicity of the treated media is a particular concern associated with the addition of mediators (Kim & Nicell, 2006 ). Therefore, we tested the toxicity of the MBR permeate relative to the feed wastewater. A ToxScreen3 assay (Section 2.5) revealed no significant increase in the toxicity of the effluent during MBR treatment of the synthetic wastewater (relative toxic unit of 4.1 ± 0.3 and 4.6 ± 1.1, respectively). Fungus-augmented MBR, therefore, can be recommended to more efficiently remove TrOC without the production of toxic metabolites; however, a risk assessment should be performed for each specific process (e.g.
wastewater matrix and TrOC types and concentrations) given the contrasting data in the literature.
Conclusion
Results in this study highlight that a mixed culture of bacteria and a white-rot fungus in a fungusaugmented MBR can achieve better TrOC removal than a system containing fungus or bacteria alone. The major role of biodegradation was confirmed for all TrOC for which the MBR system achieved high aqueous phase removal. Redox mediators can enhance the performance of fungal enzyme (laccase); however, compared to batch tests, due to lower enzymatic activity level and more complex wastewater matrix, limited improvement in removal due to mediator dosing may be achieved by the MBR for compounds originally highly resistant to fungal degradation.
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